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Field 

The present invention relates generally to a high density optical chip and, more generally, to 
an optical chip including at least one high index difference waveguide. 

Background of the Invention 
Integrated optical chips with optical functions typically use low index difference 
waveguides, and these optical chips generaUy contain up to only two or three optical functions. 
Figure 1 shows a typical planar dielectric waveguide, which is an example of a two-dimensional 
waveguide. Low index difference waveguides, such as those used m optical chips and for the 
optical fiber waveguides for input to and output fi:om optical chips, are three-dimensional versions 
of such planar dielectric waveguides. These low index difference waveguides 10 include a core 
material 12 surrounded by a cladding material 14. The core material 12 can have an arbitrary cross- 
section, including a circular, eUiptical, square, or rectangular cross-section embedded in the 
cladding material 14. The index of refraction ni of the core material 12 is sUghtly larger than the 
index of refraction na of the cladding material 14. The index difference An for the index of 
refraction ni of the core material 12 and the index of refraction 112 of the cladding material 14 (An = 
m - Viz) is therefore generally very smaU. A useful metric is delta (A), which is defined as 
An/nciadding for this type of waveguide, and is generally around 0.01 (1 percent) to 0.04 (4 percent), 
and certainly less than 0.1 (10 percent). In other words: 



1 



A = — 



m 



us 



»2 



A ray of light moving in the z direction in Figure 1 (from left to right) is guided by total 
internal reflection within the core material 12 if the angle of incidence 8 of the ray with respect to 
the interface between the core material 12 and the cladding material 14 is larger than a critical angle 
5 0c. This critical angle Gc equals sin'^na / ni). For low index difference waveguides, due to the 
indices of refraction ni, n2, the angle of incidence 0 must be large in order for total internal 
reflection to guide the Ught ray through the waveguide. 

The typical optical chips having low index difference waveguides are generally large, wafer- 
sized chips. This large size results because the low index difference waveguides can adequately 
10 guide hght only if bends in the waveguides have large radii. If small bending radii are used with 
these low index difference waveguides, large losses result because light is loosely confined within 
the core material 12. Low index difference waveguides therefore function adequately without large 
losses only with relatively high bending radii, and it is therefore difficult to perform optical 
functions in small areas using these low index difference waveguides. 
15 The use of higher index difference waveguides reduces the minimum bending radii while 

maintaining adequate performance (that is, low loss), and therefore reduces the area required to 
O perform the optical functions. The index of refraction m of the core material 12 is significantly 

^ larger than the index of refraction 112 of the cladding material 14 for such a higher index difference 

iO waveguide. Delta (A) for a high index difference waveguide is typically at least as large as 0. 1 , 0.2, 

m 20 or 0.3. In other words: 



A = ZVl!^>0.1. 
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In such a high index difference waveguide, total internal reflection of light propagating through the 
waveguide is achieved for smaller angles of incidence G for a ray of light, and the minimum bending 
radii for which performance is adequate is reduced. 
25 The use of high index difference waveguides does have drawbacks. Because the fiber optic 

waveguides used for input to and output from optical chips are typically low index difference 
waveguides, a higher loss results in the coupling between the low index difference optical fiber 
waveguides and the high index difference waveguides on the optical chip. In addition, scattering 
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loss increases for higher index difference waveguides, and therefore a larger loss in optical signals 
can result over a shorter length than for typical low index difference waveguides. 

Summary of the Invention 

The invention features a high density integrated optical chip. Under one aspect of the 
invention, the optical chip features a low minimum bending radius dielectric waveguide, a large 
mode field size dielectric waveguide, and an optical function. The optical function is connected to 
the low minimum bending radius dielectric waveguide, and the large mode field size dielectric 
waveguide interfaces with an external optical device, such as an optical fiber. The large mode field 
size dielectric waveguide is optically connected to the low minimum bending radius dielectric 
waveguide on the optical chip. The optical function can be any structure or device that is used to 
generate, modify, and/or measure the amplitude, fi-equency, wavelength, dispersion, timing, 
propagation direction, and/or polarization properties of one or more Ught pulses. In other 
embodiments, a plurality of low minunum bending radius dielectric waveguides and optical 
functions can exist on the optical chip, and the low minimum bending radius dielectric waveguides 
can connect the optical functions. Such an embodiment can include a plurality of large mode field 
size dielectric waveguides used for input/output for the optical chip. These embodiments allow 
large numbers of optical functions to be integrated on a single optical chip having a small footprint. 

According to another aspect of the invention, the optical chip described above can feature a 
low minimmn bending radius dielectric waveguide including a high index core material, a cladding 
region generally surrounding the high index core material, and a graded index region applied 
between at least one side of the high index core material and the cladding region. This graded 
index region reduces scattering loss at the interface between the high index core material and the 
claddmg region. 

According to another aspect of the invention, a coupler can be used to couple the low 
minimum bending radius dielectric waveguide to the large mode field size dielectric waveguide on 
the optical chip. Such a coupler can feature a first dielectric channel waveguide including a first 
core material having a first tapered region surrounded by a cladding material, and a second 
dielectric channel waveguide including a second core material having a second tapered region 
surrounded by the cladding material A portion of the second tapered region can be embedded 
within the first tapered region, and a first mode for propagating light defined by the first dielectric 



channel waveguide gradually transforms into a second mode defined by the second dielectric 
channel waveguide. In such an embodiment, the first dielectric channel waveguide of the coupler 
can be optically connected to the large mode field size dielectric waveguide of the optical chip, and 
the second dielectric channel waveguide of the coupler can be optically connected to the low 
minimum bending radius dielectric waveguide. 

Brief Description of the Drawings 
FIGURE 1 is a perspective view of a prior art planar dielectric waveguide. 
FIGURE 2 is a block diagram of an optical chip accordmg to one embodunent of the 
5 invention. 

FIGURE 3 is an enlarged cross-sectional view of a portion of the optical chip of FIGURE 2. 
FIGURE 4 is a block diagram of two optical chips according to a second embodiment of the 

|;=ss 

1^ invention. 

O FIGURE 5 is an enlarged cross-sectional view of a portion of the optical chip of FIGURE 4 

W 10 according to an embodiment of the invention. 

^ FIGURE 6 is top view of a schematic diagram of an exemplary embodiment of a mode 

transformer accordmg to one aspect of the invention, 
g FIGURE 7 is a side view of the mode transformer of FIGURE 6. 

h FIGURE 8 is a cross-sectional view of the mode transformer of FIGURES 6 and 7 in the 

^ 15 embedded portion 112. 

FIGURE 9 is a cross-sectional view of the mode transformer in the low index core on the 
left side of HGURES 6 and 7. 

FIGURE 10 is a cross-sectional view of the mode transformer in the high index core on the 

right side of HGURES 6 and 7. 
20 FIGURE 1 1 A is a cross-sectional view of the mode transformer of FIGURES 6 and 7. 

FIGURES 1 IB- 1 II are graphs of exemplary refractive index profiles along line 5-5 of 
HGURE 11 A. 

FIGURE 12 is a top view of a schematic diagram of an exemplary mode transformer in 
which the taper t^s are optically in contact, but are not in physical contact. 
25 FIGURE 1 3 is a cross-sectional view of an exemplary embodiment of a graded index planar 

waveguide in accordance with an aspect of the invention. 
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FIGURE 14 is a graph of an exeiiq)lary refractive index profile along a cross-section of 
FIGURE 13. 

FIGURE 15 is a diagram of the fabrication steps for the graded index waveguide of 
FIGURE 13 using a thin film deposition technique. 
5 FIGURE 16 is a perspective block diagram of an initial SOI platform 100 on which a 

waveguide is formed; 

FIGURE 17 is a perspective block diagram of the platform of Figure 16 including a 
waveguide core after atypical patterning process; 

FIGURE 18 is a perspective block diagram of the platform of Figure 17 after the surfaces of 
10 the core have reacted with the oxidizing agents and form a coating layer of Si02; and 

FIGURE 19 is a perspective block diagram of the platform of Figure 18 following the 
removal of the Si02 layer to show the silicon core surface after smoothing. 

FIGURE 20 is a perspective block diagram showing the fabrication steps of an anisotopic 
etching waveguide, for which the substrate is (100) Si and the Si02mask is aligned in the <1 10> 
15 direction so that the resulting Si core reveals { 1 1 1 } -type surfaces on the sidewalls. 

Detailed Description of the Embodiments of the Invention 

The embodiments of the invention provide optical chips with low minimum bending radius 
waveguides. Very briefly, the optical chip includes one or more low minimum bending radius 

20 waveguides and optical functions integrated with one or more large mode size waveguides. The 
large mode size waveguide is used to conmiunicate with optical devices that are external to the 
optical chip. These external optical devices can include optical fibers or other optical chips. 

Figure 2 is a top view of an optical chip according to a first embodiment of the invention. 
The optical chip of Figure 2 includes at least one large mode size waveguide 22, at least one low 

25 minimum bending radius waveguide 24, and at least one optical or electro-optical function 26 
fabricated on a substrate 20. The embodiment of the optical chip of Figure 2 depicts two low 
minimum bending radius waveguides 24, with each low minimum bending radius waveguide 24 
being optically connected to a different large mode size waveguide 22 and optical function 26. In 
other embodiments, a single large mode size waveguide 22, a single low minimum bending radius 

30 waveguide 24, and a single optical function 26 can be disposed on the substrate 20, and in still other 
embodiments more than two of each of these components can be disposed on the substrate 20. 
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The large mode field size waveguide 22, low minimum bending radius waveguide 24, and 
optical function 26 are fabricated monolithically on a single substrate 20. A number of other 
components can also be bonded in any manner on the substrate 20, including separate optical 
functions or waveguides. The substrate 20 can be made from any material, including silicon, 
5 indium phosphide, ceramic, or quartz. The substrate 20 can also be shaped in a variety of forms, 
including a rectangular, square, elliptical, or circular shape with a thin side profile. Generally, an 
optical chip includes a planar substrate 20 and pattemed core materials and cladding layers that 
define a planar lightwave circuit (PLC) or optical circuit. At least one large mode field size 
waveguide 22 on the substrate 20 has a first end 30 that terminates on a side, edge, or accessible 
10 portion of the substrate 20 so that it can be connected to an extemal optical device, such as the 

optical fiber 28 shown in Figure 2. A second end 32 of the large mode field size waveguide 22 can 
be optically coupled to one of the low minimum bending radius waveguides 24 on the substrate 20. 
The large mode field size waveguide 22 on substrate 20, therefore, can serve as an input/output port 
for the optical chip. Further, the optical chip can contain functions that change the information 
15 carrier signal from an optical signal to a difference form of energy, or vice versa. Exan^les of 
alternate forms of energy that carry information include acoustic (sound/audio), radio frequency, 
^ infrared, and microwave, as well as other bands of the electromagnetic spectrum, 
p At least one optical function 26 is connected to one of the low minimum bending radius 

law 

waveguides 24 on the substrate 20. An optical function 26 is generally any structure or device that 

^ 20 is used to generate, modify, and^r measure the amplitude, frequency, wavelength, dispersion, 

O 

fy timing, propagation direction, and/or polarization properties of one or more light pulses. Optical 

functions 26 can include splitters, couplers, modulators, switches, filters, isolators, detectors, and 
amplifiers. A smgle optical function 26, therefore, is a structure that performs at least one function, 
such as those listed above. The optical function or functions 26 can be chosen for a wide variety of 
25 applications. In addition, the optical functions 26 can be integrated with electrical functions and 
electro-optical functions on a single substrate 20. If a single optical chip contains multiple optical 
or electro-optical functions 26, low minimum bending radius waveguides 24 can be used to 
interconnect these optical or electro-optical functions 26. 

Figure 3 is a cross-sectional view of the optical chip of Figure 2 that shows a single large 
30 mode field size waveguide 22 and a smgle low minimum bending radius waveguide 24 coupled on 
the substrate 20. A coupler or transformer 100 is used to couple the large mode field size 
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waveguide 22 to the low minimum bending radius waveguide 24 on the substrate 20. A variety of 
couplers or transformers 100 can be used within the scope of the invention to provide this coupling 
function. One suitable coupler 100 is described in detail below. 

The large mode field size waveguide 22 can, in one embodiment, be a low index difference 
5 waveguide that is a channel waveguide, although in other embodiments other types of waveguides 
can be used as the large mode field size waveguide 22. Generally, the large mode field size 
waveguide has a mode field size similar to that of external optical fiber, which is a low index 
difference waveguide. The low index difference waveguide 22 of Figure 3 includes a core material 
42 having an index of refraction m and a cladding material 46 having an index of refraction m. 
10 Similarly, the high index difference waveguide 24 includes a core material 44 having an index of 
refraction n2 and a cladding material 46 having an index of refraction m. The index of refraction ns 
of the cladding material 46 is less than the index of refraction m of the low index core material 42, 
which is less than the index of refraction na of the high index core material 44. In the embodiment 
5 of Figure 3, the low index difference waveguides 22 and the low minunum bending radius 

W 15 waveguide 24 both have the same cladding material 46 surrounding their cores 42, 44, although in 
other embodiments different cladding materials can be used. As used throughout this specification, 
a low index difference waveguide is a waveguide where delta (A) for the index of refraction ni of 
the core material 42 and the index of refraction m of the cladding material 46 is generally very 
small, such as less than 0.1 (10 percent). In other words: 

20 A = — ^<0.1. 



In some embodiments, this index difference An is such that A is less than 0.01 (1 percent) or less 
than 0.04 (4 percent). A high index difference waveguide, on the other hand, is a waveguide where 
delta (A) for the index of refraction na of the core material 44 and the index of refraction m of the 
cladding material 46 is at least 0.1. In other words: 



25 A = — 2.>o.l. 
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In other embodiments, the index difference An is such that A for a high index difference waveguide 
is at least 0.2, and for still other embodiments, A is at least 0.3. In some embodiments of the 
invention, the low minimum bending radius waveguides 24 can be high index difference 
waveguides. 
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For the low index difference waveguide 22, tlie index of refraction m of the core material 42 
and the index of refraction ns of the cladding material 46 are chosen so that the low index difference 
waveguide 22 has an effective index of refraction and mode size close to that of the external optical 
fiber 28. The external optical fiber 28 includes a core material 48 surrounded by a cladding 
material 49. The core material 48 of the optical fiber 28 can have a square, rectangular, elliptical, or 
circular cross-section or, in other embodiments, an arbitrary cross-section can be used. In one 
embodiment, the same geometry and indices of refraction can be chosen for the low index 
difference waveguide 22 on the substrate 20 as are used for the external optical fiber 28. The 
coupling loss between the external optical fiber 28 and the low index difference waveguide 22 is 
minimized by matching the mode size of the low index difference waveguide 22 to that of the 
external optical fiber 28. In addition, reflection is minimized by matching the effective index of 
refraction of the low index difference waveguide 22 to that of the external optical fiber 28. 

The indices of refraction m, ns of the low index core 42 and the cladding material 46 are, in 
one embodiment, chosen so that the low index difference waveguide 22 has a mode field 1/e 
diameter size of at least 2 microns. The mode field 1/e diameter (the mode size) is the diameter of 
the mode where the optical field amplitude is 1/e of the peak optical field anq)Utude. In this 
embodiment, the core material 42 and the cladding material 46 are chosen to make the mode field 
1/e diameter size large enough to maxunize the couphng throughput and error tolerance with the 
external optical fiber 28. 

To design a waveguide by mode size, the following procedure can be used. For a particular 
selection of refractive indices m, Qs and for a certain wavelength of light that will propagate through 
the waveguide, the dunensions of the waveguide can be selected to be less than or equal to the 
single mode cut-off dunension, and this dimension determines the mode size. The lower limit of 
the mode field 1/e diameter size of about 2 microns, therefore, ensures that the mode field 1/e 
diameter size of the low index difference waveguide 22 will remain large enough to effectively 
couple to external optical fibers 28. In other embodiments, this lower limit of the mode field 1/e 
diameter can be about 3 microns or, in still other embodiments, 5 microns. Typical optical fiber 
waveguides have mode field 1/e diameter sizes of about 8-10 microns. In one embodiment, 
therefore, the low index difference waveguide 22 can have a mode field 1/e diameter size of about 
8-10 microns. An upper range of the mode field 1/e diameter size of the low index difference 
waveguide 22 can be the largest mode field 1/e diameter size typically used for external optical 
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fibers 28. In one embodiment, such an upper range for the mode field 1/e diameter size can be 
about 15-20 microns, although this upper mode field 1/e diameter size can vary widely. 

Throughout this specification, a large mode field size waveguide (or large mode size 
waveguide) is a waveguide that has a mode field 1/e area similar to that of a waveguide having a 
5 mode field 1/e diameter of at least 2 microns. In such an embodiment, for instance, the mode field 
1/e area would be % square microns. Similarly, in an embodiment where the mode field 1/e 
diameter is 3 microns, the mode field 1/e area would be about 2.25 n square microns. More 
particularly, a large mode field size waveguide could have a mode field 1/e area of about 167c square 
microns (for an 8 micron mode field 1/e diameter) or 257i square microns (for a 10 micron mode 
10 field 1/e diameter). Such a large mode field size waveguide having an 8-10 micron diameter can 
include optical fiber. A large mode field size waveguide can be a waveguide of any configuration, 
including but not Umited to a channel waveguide. 

In one embodiment, as mentioned above, the large mode field size waveguide 22 on the 
substrate 20 can be a low index difference waveguide 22. The low index difference waveguide 22 
ifi 15 can have a core material 42 made from silica and a cladding material 46 made from doped silica. A 
S blunt connection or coupler of any variety can be used to connect the external optical fiber 28 to the 

low index difference waveguide 22 on the substrate 20. For instance, an end of the optical fiber 28 
O can be abutted to an end of the low index difference waveguide 22, and these two ends can be 

C adhered together. Because the material and design of the low index difference waveguide 22 can be 

20 chosen to match the external optical fiber 28, a low coupling loss, such as about 1 decibel (dB) or 
less, can result between the external optical fiber 28 and the low index difference waveguide 22. 
The external optical fiber 28 shown in Figures 2 and 3 can be replaced by any low index difference 
waveguide, and not only the optical fiber 28 shown in the Figures. The external optical fiber 28 
could therefore represent an input or output from another optical chip on a substrate or could be any 

25 Other optical device. 

The low minimum bending radius waveguide 24 allows for the miniaturization of optical 
fimctions 26 on the substrate 20. A small optical chip with a large number of optical functions 26 
can therefore result. Because low minimum bending radius waveguides have smaller bending radii 
than large mode size waveguides and low index difference waveguides, optical functions 26 and 
30 bending and spUtting of propagating Ught can be implemented in smaller areas using these low 
minimum bending radius waveguides. A "minimum bending radius" can be defined as the radius 
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for a 90 degree bend in which the loss during the bend is less than or equal to a certain amount, such 
as 0.5 dB in one embodiment. In other enibodiments, a minimum bending radius ciui be for a loss 
of less than or equal to 0. 1 dB in a 90 degree turn or, in still other embodiments, a loss of less than 
or equal to 0.01 dB in a 90 degree turn. Throughout this specification, the term 'low minunum 
bending radius" will be used to refer to a radius of less than or equal to 50 microns for a 90 degree 
bend in which the loss during the bend is less than or equal to 0.5 dB. As an example, the minimum 
bending radius for a high index difference waveguide having a delta (A) of 0.3, nciadding of 1.5, and 
having a 1 micron by 1 micron core dimension can be less than or equal to 50 microns and, in other 
embodiments, less than or equal to 20 microns, and in still other embodiments, less than or equal to 
10 microns. Such a waveguide is a low minimum bending radius waveguide. As another exan^le, 
the minimum bending radius for a low index difference waveguide where A is 0.01, ndadding is 1.5, 
and having a 10 micron by 10 micron core dimension is on the order of 1 cm. Such a waveguide is 
not a low minimum bending radius waveguide. 

The use of low minimum bending radius waveguides on the optical chip allows for the 
integration of a large number of optical functions 26 on a single substrate 20. The optical functions 
26 and low minimum bending radius waveguides 24 on the substrate 20 communicate with external 
optical fibers 28, chips, or optical devices through the large mode field size waveguides 22 on the 
substrate 20. Whereas typical wafer-sized chips with low index difference waveguides can be 
approximately 10 centimeters by 10 centimeters in dimension with about 1 to 3 or 4 optical 
functions, an optical chip on substrate 20 using low minimum bending radius waveguides 24 can be 
about 1 centimeter by 1 centimeter in dunension with 1 to 10,000 or more optical functions. In any 
event, more than 5 or more than 10 optical functions can be performed on substrate 20 using low 
minimum bending radius waveguides in a smaller area than is used for wafer-sized chips using low 
index difference waveguides. 

As mentioned above, the large mode size waveguides can be low index difference 
waveguides and the low minimum bending radius waveguides can be high index difference 
waveguides in one embodiment of the invention. The following discussion is for such an 
embodiment, although other large mode size waveguides and low minimum bending radius 
waveguides can be used in other variations of the embodiments disclosed below. 

Referring agam to Figure 2, the optical chip can contain more than one input or output low 
index difference waveguides 22. In Figure 2, for instance, a first low index difference waveguide 
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22 provides for a &st input/output port from the optical chip, and a second low index difference 
waveguide 22 provides for a second input/output port from the optical chip. In addition, each of the 
optical functions 26 depicted in Figure 2 could be coupled to more than one high index difference 
waveguide 24. The particular design of the optical chip depends on the appUcation for which the 
5 optical chip will be used. 

Figure 4 depicts a second embodiment of an optical chip in accordance with the invention. 
The embodiment of Figure 4 is similar to that of Figure 2, except that an optical connection is made 
between one of the low index difference waveguides 22 on the substrate 20 and an external chip 60 
(the left side of Figure 4) rather than an external optical fiber. Figure 4 does, however, show a 
10 second optical connection made between a low index difference waveguide 22 on the substrate 20 
and an external optical fiber 28 (the right side of Figure 4). In Figure 2, both low index difference 
waveguides 22 are connected to external optical fibers 28. Thus, Figure 4 illustrates the possibility 
O that optical signals can be transferred directly between low index difference waveguides on separate 

9 optical chips. The low index difference waveguide 22 on substrate 20 can therefore directly 

y 15 connect to external chips 60 as well as to external optical fibers 28. In addition, as specificaUy 
3 shown in Figure 4, a low index difference waveguide 62 on an external chip 60 can be used to 
^ couple with the low index difference waveguide 22 on the substrate 20. 

O Figure 5 depicts an enlarged cross-sectional view of another embodiment in accordance with 

Q the invention. In the embodiment of Figure 5, at least one emitting/receiving function 64 is 

S 20 fabricated on a second substrate 61 and is optically connected to the low index difference 
ry waveguide 22 on substrate 20. In this embodiment, the substrate 20 is similar to the embodunents 

described above. The substrate 20 therefore contains at least one low index difference waveguide 
22 coupled to at least one high index difference waveguide 24, as well as an optical function (not 
shown in Figure 5) optically connected to the high index difference waveguide 24. The 
25 emitting/receiving function 64 of Figure 5 can be any of a variety of devices. For example, the 
emittmg/receiving function 64 can be an edge emitting/receiving device or a vertically 
emitting/receiving device. Specific examples include surface-emitting LEDs, edge-emitting LEDs, 
and surface-emitting laser diodes. Surface-emitting/receiving optical functions are generally easier 
to fabricate than edge emitting/receiving functions, and some surface-emitting functions, such as 
30 surface-emitting LEDs, are more efficient than edge-emitting LEDs. 
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In the embodiment shown in Figure 5, coupling between the low index difference 
waveguide 22 and the emitting/receiving function 64 is most efficient if the mode sizes of the 
waveguide 22 and the emitting/receiving function 64 are the same or are similar. The low index 
difference waveguide 22, therefore, can be designed to produce a mode size similar to that of the 
5 emitting/receiving function 64. It may, however, be difficult or impossible to effectively match the 
effective index of the emitting/receiving function 64 with that of the low index difference 
waveguide 22. For this reason, an anti-reflection coating 66 can be applied to an edge of the low 
index difference waveguide 22 on substrate 20 or on the emitting/receiving function 64 to suppress 
unwanted reflections and to aid in couphng efficiency. If, for example, the emitting/receiving 
10 function 64 on substrate 61 is a surface-emitting LED, an anti-reflection coating 66 can be applied 
to an edge of the low index difference waveguide 22 on substrate 20 or on the emitting/receiving 
function 64. Similarly, if the emitting/receiving function 64 on substrate 61 is a receiver, an anti- 
reflection coatmg 66 can be applied to this receiver or on the low index difference waveguide 22. 
^ The embodiment of Figure 5 shows that two or more optical chips can be optically 

15 connected through the use of the low index difference waveguide 22 on substrate 20. Substrate 20 
contains high index difference waveguides 24 and optical fimctions 26, and yet external functions 
on separate optical chips with mode sizes similar to the low index difference waveguide 22 can be 
optically connected to the substrate 20 through low index difference waveguide 22. In still other 
embodiments, two or more optical chips, such as those shown in Figures 2-5, can be optically 
20 coupled. For instance, a first optical chip can contain a low index difference waveguide 22 coupled 
to a high index difference waveguide 24, which is in turn coupled to an optical function 26. A 
second optical chip can have a similar layout. These two optical chips can then be optically 
connected through the low index difference waveguides 22. 

The optical chips described above can also be part of a larger subsystem For instance, such 
25 a subsystem could include one of the optical chips described above connected to an external large 
mode field size dielectric waveguide. The optical chip in such an embodiment could include a low 
minimum bending radius waveguide, an optical function connected to the low minimum bending 
radius waveguide, and a large mode field size waveguide coupled to the low minimum bending 
radius waveguide. The external large mode field size dielectric waveguide, in this embodiment, 
30 would be external to the optical chip and would be optically coupled to the large mode field size 
waveguide on the optical chip. Such a subsystem including an optical chip and an external large 
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mode field size dielectric waveguide, one example of which can be a module, could be used in a 
number of applications, including those described below. 

The optical chips described above can be used for a variety of applications, including 
passive or active applications. In one embodiment, the optical chips described above can be used 

5 for communications applications. As an example, a splitter can be fabricated to split a single optical 
signal into 8 or 16 or 32 signals in a small area. Typical splitters are made using series of l-by-2 
splitters to perform splitting functions. For example, fifteen l-by-2 splitters would be needed to 
split a single signal into 16 signals. If low index difference waveguides are used, this splitting 
function would require a large footprint. An optical chip having high index difference waveguides, 

10 such as those described above, could perform this splitting function in a significantly smaller 
footprint. 

Another communications application can be in multiplexing or demultiplexing. As an 

safe 

h example, a wavelength division multiplexing (WDM) function can be implemented as an optical 
9 function 26 on substrate 20. Such a WDM function can include combining or filtering out different 

W 15 wavelengths of light, which represent different channels of information signals. An optical chip 
3 havmg low minimum bending radius or high index difference waveguides can perform such 

' functions in a small footprint, 

O The optical chips can also be used in Ethernet applications to increase the speed and 

S bandwidth of such systems through optical applications. The optical chips can, for instance, be 

p 20 used to perform optical functions to help make an Ethernet into an optical system with 10 gigabit 
S per second performance. The optical chips can also enhance Ethernet appUcations by decreasing 

the space needed to perform optical functions. 

The optical chips described above can also be used to enhance conq)uting and 
microprocessing functions in optical or electro-optical circuits. These devices can include optical 
25 and electronic functions on a single chip, and can include digital or analog signal processing 
applications. As an example, an optical clock for synchronizing signals and modulating these 
signals can be fabricated on the optical chip. 

Sensing applications can also be performed. As an example, an optical chip can be 
fabricated with high index difference waveguides, and changes in characteristics of the optical 
30 waveguide mode itself can be used to detect the presence of certain chemicals or changes in 
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temperature. In short, the optical chips described above having low minimum bending radius or 
high index difference waveguides can be used in a variety of applications. 

Further, the optical chip can contain functions that change the information carrier from an 
optical signal to a signal in an alternative form of energy, or vice versa. Examples of alternate 
forms of energy that carry information include acoustic (sound/audio), radio frequency, infrared, 
and microwave, as well as other bands of the electromagnetic spectrum. This function will allow 
the optical chip to interface fiber optic and generic light-wave communications methods with 
wireless communications with carrier frequencies ranging from kHz to tens of THz. 

The optical chips can mcorporate other popular current technology, such as MEMS, lasers, 
detectors, micro-resonators, interference devices, multi-mode interferometers, arrayed waveguide 
gratings, and Mach-Zehnder modulators as basic building blocks of fiinctionality. Together with 
other devices, subsystems on a single optical chip, including both passive and action applications, 
can be implemented. 

As described above, the substrate 20 contains at least one large mode size waveguide 22 
coupled to at least one low minimum bending radius waveguide 24. Two waveguides are "coupled" 
or "optically connected" if a change in one or more of the properties of an optical signal in one 
waveguide affects the properties of the optical signal in the second waveguide without an 
intermediate conversion to an electrical signal. Many optical couplers can be used in accordance 
with the invention. One such optical coupler is described in U.S. Patent No. 6,253,015 to 
Ukrainczyk et al. 

Generally, it can be desirable to have the lowest possible loss in optical signal in the coupler 
between a first waveguide and a second waveguide. This coupling loss, for instance, can be about I 
decibel or less for an efficient coupler. For coupUng of waveguides having similar mode sizes and 
refractive indices, simple coupling methods, such as abutting an end of one waveguide to an end of 
the other waveguide, can be used. When the mode sizes of waveguides differ, however, more 
complex couplers can be used. 

Figures 6-10 are simplified schematic diagrams of an exemplary embodiment of a mode 
transformer or coupler 100 that can be used in accordance with the invention. Such a mode 
transformer or coupler 100 can be used as the coupler 100 on substrate 20 (Figures 2-5) to optically 
couple the large mode size waveguide 22 to the low minimum bendmg radius waveguide 24, 
although such a coupler can be used for other coupling applications as weU. In the embodiments of 
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the coupler or mode transformer 100 described below, the large mode size waveguide 22 is a low 
index difference waveguide, and the low minimum bending radius waveguide 24 is a high index 
difference waveguide 24, although, as mentioned above, other low minimum bending radius 
waveguides or large mode size waveguides can be used in other embodiments. Figure 6 shows a 
top view of the mode transformer 100, while Figure 7 shows a side view of the same transformer 
100. 

The mode transformer 100 includes a core material 102 of a low index difference waveguide 
(the left side of Figure 6), a core material 104 of a high index difference waveguide (the right side 
of Figure 6), and cladding material 106 surrounding both core materials 102, 104. The core 
material 104 and cladding material 106 on the left side define the low index difference waveguide, 
which forms a large mode, and the core material 102 and cladding material 106 on the right side 
define the high index difference waveguide, which forms a small mode. In one embodiment, both 
high and low index difference waveguides are channel waveguides. A channel waveguide is a 
waveguide having a core material surrounded on its sides by one or more cladding materials that 
have lower indices of refraction than that the core material. The cross-sectional shape of the core 
material in such a channel waveguide can be rectangular, square, elliptical, or circular. In other 
embodiments, the cross-sectional shape of the core material can be arbitrary. The mode field 
distribution of light resides primarily within the core material of a channel waveguide. It is within 
this core material of a typical channel waveguide that the peak optical intensity of light typically 
resides. The cross-sections of the mode transformer 100 shown in Figures 9 and 10 depict square 
core material shapes in the channel waveguides. Figure 9 is a cross-sectional view of the left side of 
Figure 6 in the low index core 102, and Figure 10 is a cross-sectional view of the right side of 
Figure 6 in the high index core 104. 

A tapered region 108 of length Li on core material 102 is provided at one end of the low 
index difference waveguide. This taper 108, shown in Figure 6, decreases in width as one moves 
toward the untapered portion of core material 104 (that is, from left to right in Figure 6). A tapered 
region 1 10 of length L2 on core material 104 is provided at one end of the high index difference 
waveguide. This taper 1 10 decreases in width as one moves toward the untapered portion of core 
material 102 (that is, from right to left in Figure 6). These tapered regions 108, 1 10 are configured 
to intertwine so that a portion 1 12 of length L3 of the tapered region 110 is embedded within the 
tapered region 108. Figure 7 is a side view of mode transformer 100 that shows the portion 112 of 
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length L3. In the embodiment depicted in Figures 6 and 7, the tapered regions 108, 1 10 are tapered 
only in the horizontal direction. In the top view of Figure 6, for instance, the widths (that is, from 
top to bottom as viewed) of tapered regions 108, 110 vary with lateral distance (that is, from left to 
right as viewed). The side view of Figure 7, therefore, shows that the cores 102, 104 are not tapered 
5 in the vertical direction (that is, from top to bottom as viewed). Figure 7 shows, however, that the 
vertical width of core material 102 is greater than the vertical width of core material 104. The 
portion 1 12 of core material 104 of length L3 that is embedded in core material 102 is therefore 
surrounded on all sides by core material 102. Figure 8, which is a cross-section of Figure 7 in the 
portion 112 of length L3, shows that the tapered portion 1 10 of core material 104 is surrounded on 
10 all sides by the tapered portion 108 of core material 102. 

Although Figures 6 and 7 show tapers 108, 110 in only the horizontal direction, in other 
embodiments of the mode transformer 100 the tapers 108, 1 10 can be tapered in the vertical 
5 direction as well, e.g., pyramidal or cone-like in shape. In such embodiments, the taper 108 of the 

? high index core 104 would form a point within the embedded portion 1 12, and the taper 1 10 of the 

W 15 low index core 1 10 would also be tapered in the vertical direction. The side view of Figure 2 could 
2 therefore look more similar to the view of Figure 6 in such an embodunent. In other embodiments, 

^ each taper 108, 1 10 can have a tip that is not pointed, but instead has a discemable width that is 

O smaller than the respective core material 102, 104, i.e., it is blunted or rounded. In other 

O embodiments, multiple tapers 108, 1 10, or "fingers," can protrude from cores 102, 104, rather than a 

£ 20 single taper 108 on core 102 and a single taper 1 10 on core 104. These fingers can intertwine to 
fi cause a gradual change in effective index and mode similar to that caused by the dual tapers 108, 

110 of Figures 6 and 7. In still other embodiments, the cross-sectional shape of the high index core 
material 104 and low index core material 102 can be modified to match the shape of external optical 
fiber on the low index side of the transformer 100 and to match the shape of the high index 
25 waveguide used for optical functions on the high index side of the transformer 100. 

The index of refraction m of the core material 104 is larger than the index of refraction ni of 
the core material 102, which is, in turn, larger than the index of refraction ns of the cladding 
material 106. In the illustrated exemplary embodiment, ni is slightly larger than ns. The low index 
difference waveguide defined by the core material 102 and cladding material 106 (seen in cross- 
30 section in Figure 9) has a small index difference An, since m is only sUghtly larger than na: 
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0 < !h ^ < 0. 1 . On the other hand, the high index difference waveguide defined by the core 

material 104 and cladding material 106 (seen in cross-section in Figure 10) has a larger index 
difference An, since oz is much larger than na: 0.1 < — — - . 

Figure 9 shows a cross-sectional view of the mode transformer 100 of Figures 6 and 7 in the 
untapered portion of core material 102. The mode field size of an input optical fiber or low index 
difference waveguide has a cross-sectional dimension similar to that shown in Figure 9. Such an 
input optical fiber can be coupled to the left side of the mode transformer 100 as shown in Figures 6 
and 2 when the mode transformer 100 is used to couple optical fiber to a high index difference 
waveguide. When used m the optical chip of Figure 2, the low mdex difference waveguide 22 can 
be coupled to the left side of the mode transformer 100. Figure 10 shows a cross-sectional view of 
the mode transformer 100 in the untapered portion of core material 104. The mode field size of a 
high index difference waveguide that can be coupled to the right side of mode transformer 100 has a 
cross-sectional dimension sunilar to that shown in Figure 10. When used in the optical chip of 
Figure 2, the high index difference waveguide 24 can be coupled to the right side of the mode 
transformer 100. 

In operation, the mode of propagating lightwaves traveling from left to right in the mode 
transformer 100 as shown in Figure 6 will be transformed from the mode of the low index 
difference waveguide, whose core/cladding indices are ni/na, to the mode of the high index 
difference waveguide, whose core/cladding indices are na/ns. 

The mode entering the mode transformer 100 on the left side of Figure 6 is defined by the 
low index difference waveguide cross-section shown in Figure 9. In one embodiment, such as that 
shown in Figure 9, this mode is that defined by a low index difference channel waveguide. The 
optical mode is guided by the low index difference waveguide, preserving the mode characteristics 
of the low index difference waveguide until the taper 1 10 of the high index core 104 is introduced 
into the low index core 102. In taper 1 10, the high index core 104 is horizontally tapered to 
gradually change the effective index of refraction from that of the low index difference waveguide 
to that of the high index difference waveguide. The "effective index" is an effective index of 
refraction, or average refractive index, calculated for the entire cross-section of a waveguide, which 
can include more than one distinct layer of material. Such an effective index determines the mode 
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field of light in a waveguide. When the high index core 104 is narrow in taper 108, the effective 
index is close to the index of refraction ni of the low index core 102 (and the cladding 106). The 
mode properties at this point are therefore also similar to the mode properties of the low index 
difference waveguide. A large portion of the mode field distribution therefore exists outside of the 
high index core 104 at this point. As the high index core 104 is gradually widened, the effective 
index increases accordingly, approaching the index of refraction n2 of the high index difference 
waveguide. The mode gradually transforms into a mode defined by the waveguide cross-section 
shown in Figure 10 for the high index difference waveguide. As the effective index varies, 
therefore, the mode of propagating lightwaves varies accordingly. In one embodiment, the mode 
for the cross-section of Figure 10 is that defined by a high index difference channel waveguide. 

The core material 102 is tapered in the opposite direction from the core material 104, as seen 
in Figure 6. This taper 108 terminates the low index difference waveguide once the mode is 
coupled into the high index difference waveguide. This taper 108 also enhances the efficiency of 
the mode transformation by optimizing the focusing and reflection of the mode. Taper 108, for 
instance, assists in focussing light into the high index core material 104 by reflecting light toward 
core 104. Because the core 102 of the low index difference waveguide is large and the index 
difference An between the core 102 and the cladding 106 is small, the focussing effect of the taper 
108 dominates over the change in mode size at this point in the waveguide. Before the point where 
the taper 110 of the high index core 104 is introduced into the taper 108, for instance, the taper 108 
causes the effective index to decrease sUghtly, which could increase the mode size. This slight 
decrease m the effective index, however, is dominated by the focussmg effect of the taper 108. The 
taper 108 therefore focuses Ught into the high index core 104, which increases the efficiency of the 
transformer 100. The shape of taper 108 inherently reduces the back-reflection. 

The tapered region 108 of the low index difference waveguide and tapered region 1 10 of the 
high index difference waveguide provide an efficient, bi-directional mode transformer 100. The 
taper 1 10 of the high index difference waveguide terminates the high iadex difference waveguide 
once the mode is coupled into that of the low index difference waveguide, and vice versa. The 
mode transformer 100 works for light traveUng from right to left as well as from left to right as 
shown in Figures 6 and 7, making it a bi-directional mode transformer. 

The taper length Lz of the high index core 104 can be designed to minimize mode 
transformation loss. In other words, this length U is designed to slowly change the mode (and the 
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effective index) from that of the low index difference waveguide to that of the high index difference 
waveguide. The design of the taper 108 of the low index core 102 can be designed to minimize 
reflection, maximize focusing, and maximize efficiency. The taper 108 of the low index core 102 
can, for instance, assist in focussing light into the mode of the high index difference waveguide. 
The embedded portion 1 12 of the tapered regions 108, 1 10, can also be chosen to maximize 
coupling efficiency. 

The mode transformer 100 is useful for coupling the mode from an optical fiber to a high 
index difference waveguide. The optical fiber can be coupled on the left side of the transformer 100 
as shown in Figure 6. The cross-section of typical optical fiber can have a profile similar to the 
cross-sectional view of the left side of the transformer 100 shown m Figure 9. The index difference 
An between the core material 102 and cladding material 106 can be chosen to be similar to that of 
fiber (-0.01). The core/cladding indices ni, m and thus the mode are similar to that of optical fiber, 
resulting in a highly efficient coupUng to such optical fiber. Once the mode is coupled with optical 
fiber, the mode will be transformed by transformer 100 into the mode of a high index difference 
waveguide as described above. 

This coupling technology can be applied to any system coupUng a low index difference 
waveguide to a high index difference waveguide. One can use SiCh. as the cladding material 106, 
SiOxNy as the low index difference waveguide core material 102, and Si3N4 as the high index 
difference waveguide core material 104. These materials can vary in different embodiments. For 
the illustrated exen^lary embodiment, the low index core 102 has a lOjim by 10|xm square 
dimension, the high index core has a Ijim by l|i.m square dimension, Li = U = 50nm, and L3 = 
40^im In addition, the tapers 108, 110 are Unear tapers. These dimensions can vary in other 
embodiments. This design produces a sunulated value of 75 percent efficiency at a light 
wavelength of LSSjim. This is an improvement of over 30 percent efficiency over the case of butt- 
coupling a low index core to a high index core without a dual-taper. The transformer 100 is also a 
bi-directional transformer, which shows similar efficiencies for mode transformation in both 
directions. 

The embodiment of the transformer 100 described above can be made in a variety of ways. 
For example, the transformer 100 can be formed by lithographic techniques. Such a process can 
involve depositing a layer of material and then etching away portions of that material that are not 
desired. This process of depositing material and etching away undesired portions can be repeated 
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until the transformer 100 is formed. Tapered edges can be formed through patterning a layer of 
material through the use of a mask. After deposition of a layer of material, portions of the material 
can be irradiated through the mask so that the tapered portions are etched into desired shapes. To 
form the embedded portion 1 12 (Figure 7) of the high index core 104 within the low index core 102, 
a layer of Si3N4 as high index core 104 can be deposited and etched to form the taper 110, and then 
subsequent layers of SiOxNy as low index core 102 can be deposited and etched around the taper 
1 10 to form the taper 108 in the low index core 102. SiOa for cladding material 106 can be 
deposited in appropriate layers to complete the fabrication of the transformer 100. 

The fabrication method described above involves a number of deposition and etching steps 
to form different portions of the taper 108 in the low index core 102 and to form the taper 1 10 in the 
high index core 104. In another fabrication method, the high index core material 104 can be 
deposited and etched to form the taper 1 10, and then a layer of low index photosensitive material 
can be deposited around the taper 1 10, followed by deposition of the cladding material. The low 
index photosensitive material can be selected so that the index of refraction of this material, before 
being altered through exposure to light, matches the index of refraction of the material used for the 
cladding region. A mask can then be fabricated to cover portions of the low index photosensitive 
material that are to keep the same index of refraction as the cladding material, and thus become part 
of the claddmg regions. The index of refraction changes for portions of the low index 
photosensitive material that are not covered by the mask and are instead exposed to Ught. These 
portions of the low index photosensitive material therefore become the low index core 102, 
including the tapered portion 108 of the low index core 102 when the mask is appropriately shaped. 
Such a fabrication technique reduces the number of deposition and etching steps that are necessary 
to form the transformer 100. A low index photosensitive material that reduces or increases its 
refractive index when exposed to energy can also be used. In this case, the portion of the layer that 
becomes cladding can be masked either positively or negatively to create the appropriate structure. 

While exemplary embodiments of the transformer 100 have been illustrated with continuous 
or linear (flat edged) t^ers, it will be appreciated that segmented or non-Unear tapers can also be 
utilized in accordance with the mvention. For example, the tapers can have stepped tapered edges, 
or a concave or convex shaped tapered edges. 

Figure llA is a cross-sectional view of the waveguide of either Figure 9 or 10. Figures 
IIB-III are some possible index profiles along Une 5-5 in Figure llA. These index profiles show 
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the index of refraction change with horizontal or vertical direction change, and these index profiles 
can be for the interface between a low index core and cladding material or between a high index 
core and cladding material While exemplary embodiments have been illustrated with step index 
proffles between the core material and the cladding material for both the low and high index 
difference waveguides shown in Figures 1 1 A and 1 IB, it will be appreciated that other index 
profiles between the core and the cladding can also be utilized. 

For example, various other index profiles such as graded index and step graded index 
profiles can be used as long as the refractive index of the core material is higher than the refractive 
index of the cladding material on average. Such profiles are shown in Figures 1 lC-1 II. The 
various index profiles in Figures 1 lB-1 II are illustrated along the horizontal (or vertical) direction 
for purposes of illustration, but can also be appUed in other directions. 

While exemplary embodiments of the transformer 100 have been illustrated with the second 
taper 1 10 embedded m the fnst taper 108, it will be appreciated that two tapers whose tips are 
optically in contact can also be utilized. In such an embodiment, one of the cores is not embedded 
within the other core. Instead, the tips of each taper can be physically in contact or, in other 
embodiments, the tips can be physically separated, but remain optically in contact. An example of 
two tapers 108, 110 whose tips are considered to be optically in contact is shown in Figure 12. 
When the distance D between the tips of the two tapers 108, 1 10 shown in Figure 12 is short enough 
to allow for appreciable transmission efficiency, the tapers 108, 110 are considered to be optically 
in contact, even though the tapers have no overlapping sections or embedded portions, and even 
though the tips of the tapers 108, 110 are physically separated. In exemplary embodiments, D is 
less than or equal to 3^ where "k is the wavelength of Ught propagating along the waveguide. 
Appreciable transmission efficiency is defmed as efficiency higher than or equal to 1-10 percent. 

While exemplary embodiments of the transformer 100 have been Ulustrated with two 
channel waveguides, it will be appreciated that other waveguide configurations can be used as long 
as the mode-field sizes in cross-sectional area are similar to those in the channel waveguides used in 

the illustrated embodiments. 

High index difference waveguides, such as those having an index difference An of at least 
0.1 that are used in the transformer 100 and optical chips described above, can cause large 
scattering losses for propagating light. Ught striking the interface between core material and 
cladding material can be scattered due to imperfections or roughness at the mterface. Thus, edges 
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with rough interfaces can be prone to cause scattering losses. High index difference waveguides 
typically have a smaller core diameter than low index difference waveguides. Light therefore 
strikes the interface between the core material and the cladding material with greater frequency for 
high index difference waveguides than for low index difference waveguides, resultmg in greater 
scattering losses. In addition, scattering losses increase as the index difference between the core 
material and the cladding material increases. 

The high index difference waveguides used on substrate 20, within transformer 100, and 
within optical chips described herein can be created to reduce or suppress sidewall scattering losses. 

In one embodiment, a separate graded index region can be applied over a high index core 
material and between the high index core material and cladding material to decrease scattering 
losses. Figure 13 is a cross-sectional view of an exemplary embodiment of a graded index planar 
waveguide 200. Such a waveguide 200 can be a low minimum bending radius waveguide used on 
an optical chip or a transformer 100 as described above. One example of such a low minimum 
bending radius waveguide, which is shown in Figure 13, is a high index difference waveguide. The 
waveguide 200 of Figure 13 mcludes a substrate 205 for mechanical support (this can be substrate 
20 of Figures 2-5), a &st low index cladding 204, a high index core 201, a graded index region 203, 
and a second low index cladding 202. The refractive index m of the core 201 is larger than the 
refractive indices 0.2, m of the cladding regions 202, 204. Cladding region 202 can, in one 
embodiment, be made from the same material as cladding region 204. In other embodiments, these 
cladding regions 202, 204 can be made from different materials and can have different indices of 
refraction. The graded index region 203 is a separate, unique region between the core 201 and the 
cladding 202. The index of refraction of the graded index region 203 gradually varies from that of 
the high index core 201 to that of the low index cladding 202, 204. Scattering of Ught due to the 
rough interfaces between the core 201 and the cladding 202 is minimized because the index change 
from core 201 to cladding 202 is gradual due to the graded index region 203. 

Figure 13 depicts a layer of the graded index region 203 deposited over the high index core 
201 on three sides. A fourth side 210 of the high index core 201 is not covered by the graded index 
region 203. An additional graded index region can, however, be applied between the core 201 and 
the cladding 204 on side 210 if the interface between the core 201 and the cladding 204 is rough. 
This layer will also make the waveguide look more symmetric, reducing polarization dispersion. 
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In other embodiments, the graded index region 203 can be appUed to one, two, or all sides of 
the high index core 201. In still other embodiments, the high index core 201 can have a different 
cross-section than the rectangular cross-section shown in Figure 13. In such embodiments, the 
graded index region 203 can be applied to a portion of the edge of the high index core 201 or aU 
around the high index core 201 . GeneraUy, portions of the edges of the high index core 201 are 
rough from the fabrication methods used to create the high index core 201. It can be desirable, in 
some embodiments, to apply the graded index region 203 to these rough edges. Rough edges cause 
greater scattering losses than smooth edges, so it can, in some embodiments, be less important to 
apply the graded index region 203 to the smooth edges. 

For the embodiment shown in Figure 13, the side edges 212, 214 of the high index core 201 
can have rougher surfaces than the other edges due to the fabrication technique of the high index 
core. Etching processes, for example, can be used to form the side edges 212, 214, and these side 
edges 212, 214 can therefore be rough. In one embodiment, therefore, a graded index region 203 is 
applied to only these side edges 212, 214 of the high index core 201. In this embodiment, therefore, 
low index cladding 202 abuts the top of the high index core 201 (not shown in Figure 13), low 
index cladding 204 abuts the bottom 210 of the high index core 201, and the graded mdex region 
203 is between the high index core 201 and the low index claddmg 202 on side edges 212, 214. 

The index cross-section of the high index core 201, cladding 202, and the graded index 
region 203 for the embodiment of Figure 13 is demonstrated in the graph of Figure 14. The index 
profile of the graded index region need not be linear, as shown in Figure 14. The refractive index in 
the high index core 201 is higher than that in the cladding 202. The refractive index in the graded 
index region 203 is graded so that there is a less abrupt jansp in refractive index between the high 
index core 201 and cladding 202. The refractive index of the graded index region 203 can be 
changed between low and high refractive index regions using any index profiles such as curves and 
staircase steps. Any profile that reduces the index jump from core 201 to cladding 202 at the 
interface wUl lower the scattering loss. The graded index region 203 can be designed so that the 
loss is opthnally minimized. At the same time, the design of the graded index region 203 can 
address the change in the confinement factor (that is, how tightly Ught is confined in the waveguide 
core 201) due to the presence of the graded index region 203. The graded index region 203 will 
play a role in waveguide performance, including in areas such as bends in the waveguide. The 
design of the graded index region 203 can also reduce modal and polarization dispersion. 
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Figure 15 is a diagram of an exemplary fabrication process of a graded index waveguide in 
accordance with the mvention. The low index cladding 204 is deposited with the high index core 
201 deposited over the cladding 204. The patterned waveguide core 201 has rough edges 212, 214 
arising from the patterning techniques used. Thereafter, the graded index region 203 is deposited 
over the core 201. During the deposition process, the index of the layer is varied from that of core 
201 to that of cladding 202. The index grading can be achieved by varymg the chemical 
con^osition of the layer. Finally, the cladding region 202 is deposited on top. 

Such a gradient in the refractive index of the graded index region 203 can also be obtained 
by a thin fUm growth method. During the growth process, the composition of the impinging 
material at the waveguide core surface can be changed to obtain an index gradient. 

Another method of making graded index region 203 in the waveguide is to obtain a gradient 
in the atomic composition at the surface of the waveguide core 201 from a chemical reaction. The 
composition of the waveguide core 201 can be altered by chemical reactions that yield products that 
are transparent to the wavelength of interest and that have an index lower than that of the core 201. 
Since the concentration of the reactant of the chemical reactions is highest at the surface and 
decreases exponentially due to the diffusion of the reactant into the core material, there will be a 
concentration gradient of the product into the core material starting from the surface. The index 
near the surface will be graded according to the chemical conq)Osition gradient. 

A graded index siUcon nitride waveguide is an example of this type of waveguide. As 
shown in Figure 13, the graded index region 203 in this case is a silicon oxynitride layer whose 
refractive index varies from that of a silicon nitride core 201 to that of a silicon dioxide cladding 
202. The index change is achieved by changing the ratio of oxygen and nitrogen in the silicon 
oxynitride layer. Deposition techniques such as chemical vapor deposition or sputtering can be 
used for depositing this layer. 

A graded index germanium(Ge)/silicon(Si) waveguide is an example of a graded index 
waveguide obtained by a thin fihn growth technique. When germanium is the core material 201 and 
silicon is the cladding material 202, SixGei-x can be the graded index region 203, and the refractive 
index of this graded index region 203 is graded during the growth process. 

An example of obtaining a graded index region using a chemical reaction can be illustrated 
with a waveguide having a core 201 of silicon nitride and a cladding 202 of silicon dioxide. By 
subjecting the silicon nitride waveguide core 201 to oxidizing agents, a silicon oxynitride layer is 
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formed at the surface. Since this process is controlled by diffusion of the oxidizing agents into the 
silicon nitride waveguide core 201, the concentration gradient of oxygen and nitrogen is created at 
the surface, with the surface having the highest level of oxygen. The concentration of oxygen 
decreases into the waveguide core while that of nitrogen increases. The graded index region 203 is 
therefore formed between the core 201 and the cladding 202. 

In other embodiments of the invention, the rough surfaces of the waveguide are smoothed to 
reduce the root mean square (rms) roughness of the surface and thereby to reduce scattering losses. 
As noted above, waveguide patterning processes such as etching result in rough, uneven side edges. 
A low-loss waveguide is obtamed by subjecting the patterned waveguide to treatments that 
smoothen the core/cladding interfaces, and/or change the waveguide core dimension. The method 
is particularly useful for low minimum bending radius waveguide systems where the scattering loss 
is high, in particular, where the waveguide will be bent to a small bending radius in the optical chip 
device. One example of such a low minimum bending radius waveguide is a high index difference 
waveguide. The method is useful for reducing scatter losses in single mode waveguides where the 
single mode cut-off dimension is less than about 2.5 times the wavelength in the core. In particular, 
the method can be used for waveguides having a mode size of less than 2 microns (|im). 

In an exemplary embodiment, a method includes smoothing of the core/cladding interface of 
sUicon-on-insulator (SOI)-based waveguides (Si/Si02)by oxidation of the core at high 
ten5)eratures, after waveguide patterning. In other exemplary embodiments, a method includes wet 
chemical etching of the waveguide core after waveguide patterning. In still other exemplary 
embodiments, a method includes annealing the waveguide in a gaseous ambient including hydrogen 
after waveguide patterning. 

An exemplary embodiment of the invention provides an oxidation smoothing technique that 
reduces the roughness at the core/cladding interfaces of Si/Si02 (SOI) waveguide. Figure 16 is a 
perspective block diagram of an initial SOI platform 1600 on which a silicon-containing waveguide 
is formed. In some embodiments, the waveguide is silicon or silicon nitride. A top silicon layer 
1620 wUl be made into a waveguide core while a Si02 layer 1640 will become an undercladding 
region. The substrate 1660 can be made of any material, such as sihcon, indium phosphide, 
ceramic, or quartz, and is provided for mechanical support. 

Figure 17 is a perspective block diagram of the platform including a waveguide core 1680 
after a typical pattemmg process including photoUthography and etching of the top silicon layer 
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1620 of Figure 16. The sidewall roughness 1700 of the core 1680 is due to the waveguide 
patterning process. This roughness is responsible for scattermg loss in the waveguide. The core 
1680 is then subjected to oxidizing agents, such as O2 or H2O gases at an elevated temperature. The 
surfaces of the core will react with the oxidizing agents and form a coating layer of Si02 1720, as 
shown in Figure 18. Since convex points of the rough surface 1700 oxidize faster than concave 
points, the reaction tends to reduce the roughness of the core. 

The reaction rate increases with the reaction temperature. When the reaction temperature is 
too low, oxidation does not proceed rapidly or extensively. When the reaction ten^erature is too 
high, one may not have a good control over the thickness of SiOa formed because of a high reaction 
rate. In order to grow nanometer (nm) to micron (^im) thick layers of Si02 in a period of minutes to 
hours, typical reaction temperature ranges between 600 to HOO^C. The oxidation time wiU depend 
on the oxidation temperature since the reaction rate depends on the ten^erature. 

In some embodiments, the oxidation time is chosen to achieve a desired waveguide core 
dimension. Since formation of oxidation product results in the consumption of the silicon 
waveguide core, initial core dimensions are chosen taking this factor into consideration. Thus, 
initial core dimensions are those that provide both a core of the desired dimension after the 
oxidation reaction has consumed a portion of the core. In some embodiments, oxidation conditions 
are selected to form an oxidation product that just reacts away surface roughness. The resultant 
oxidation layer is then removed and a suitable cladding is applied. In other embodiments, oxidation 
conditions are selected to provide an oxide layer that can serve as a cladding or portion of the 
cladding region in the final device, in which case no post fabrication of the waveguide is required 
because the final waveguide dimensions are obtained during the oxidation process. In still other 
embodiments, additional cladding material is deposited on the oxidation layer. The cladding 
material can be the same as or different from the oxidation layer. 

Exemplary cladding materials include SiOi, air and vacuum, alumina, organic polymers, and 
variations of silica such as spin-on glass, boron-phosphorus-doped silica glass (BPSG), phosphorus- 
doped silica glass (PSG), boron-doped siUca glass (BSG), silicon nitride and silicon oxynitride 
(SiOxNy). Figure 19 is a perspective block diagram of the platform following the removal of the 
Si02 layer 1720 to show the silicon core surface 1740 after smoothing. The rms roughness value of 
the sidewalls can decrease several fold, e.g., by a factor of 2 to 5. Alternatively, one can choose not 



26 



to remove the Si02 layer 1720 since it can act as a cladding layer for the waveguide core in Figure 
18. 

Different oxidizing agents can be used to react with siUcon to form Si02. Exen^lary 
oxidizing agents include O2, H2/O2, H2O2, ozone and the like. Suitable oxidizing agents are readily 
determined by the art skilled. The oxidation temperature and time should be chosen according to 
the chosen oxidant, since the reaction rate depends on the specific species of oxidants used. 

The method of the invention can be used to smoothen the waveguide core surfaces of other 
geometries, such as ridge waveguides. Any SOI waveguide whose core is defined by a patterning 
process that produces surface roughness can be smoothened by this technique. 

An experiment was carried out to demonstrate the oxidation smoothing of the waveguide 
sidewalls. To make Si/Si02 waveguides by oxidation smoothing, Ultrabond Si-on-insulator wafers 
with a 0.2 [xm-thick top Si layer on 1 |Am-thick SiOs were used. The wafers were patterned by 
photoUthography and reactive ion etching (RIE) to obtain strip waveguides as shown in Figure 17. 
For photoUthography, a lOX stepper with a G-Une UV lamp emitting at 436 nm was used. For RIE, 
SFe gas was used to etch the exposed Si. Straight waveguides of widths from 0.5 to Sum were 
made. The waveguide then was subjected to a wet oxidation step for 43 min with H2O and O2 at 
1000° C. After the oxidation step, the dimensions of the smallest waveguide were about 0.5 \na in 
width and 0.05 ^im in height. The fabrication steps are shown in Figures 17-19, in which the 
resulting Si02 layer was removed to reveal the core/cladding interface for atomic force microscopy 
(AFM) analysis. A blanket layer of 1 ^im-thick SiO film was deposited by plasma-enhanced 
chemical- vapor deposition on the waveguides as an upper cladding layer for transmission loss 
determination. 

The sidewalls of the waveguide fabricated by oxidation smoothing were viewed by AFM. 
The vertical roughness was distinctly different from that of the conventionally fabricated 
waveguide, which has an rms roughness of 10 nm and an autocorrelation length of 50 nm. In 
contrast, the rms sidewall roughness value for the oxidation smoothed sample was 2 nm for the 
same autocorrelation length. The oxidation reaction smoothens the roughness developed during the 
waveguide-patterning process (photoUthography and RIE), since the convex points of the rough Si 
surface react faster than the concave points. The uneven reaction rates lead to a smooth Si surface, 
which is a lower surface-energy state. 
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During the experiment, the waveguide thickness decreased due to the consumption of silicon 
to form Si02. The reduction in thickness resulted ia the reduction of the effective refractive mdex 
of the core, and thus in the reduction of the effective refractive index difference between the core 
and the cladding. Tte reduction in the effective refractive index difference between the core and 
5 the cladding resulted in additional reduction of the scattering loss since the scattering loss is a 
strong ftinction of the refractive index difference between the core and the cladding. 

Subjecting the already-fabricated waveguide core to a wet chemical etch smoothens the 
core/cladding interface also reduces the roughness and thus reduces transmission losses. Both 
anisotropic and isotropic etchants can be used. When an anisotropic etchant is used to smooth a 
10 single-crystalline core material, some or all of the core surfaces can become crj^tal planes, resulting 
in atomically smooth surfaces. Examples of anisotropic etchants for single-crystalline silicon core 
are KOH (Potassium Hydroxide) and TMAH (Tetra-Methyl-Amine-Hydroxide). When an isotropic 
b etchant is used, the etching process reduces the roughness on the core surfaces to minimize the 

% energy of rough surfaces. To make Si/SiOa waveguides by anisotropic etching, a 0.34 ^m-thick 

^ 15 (100) Si layer of a SOI wafer sitting on a 1 |Am-thick SiOa layer was patterned to provide a 3 [xm 
2 SiO layer on top of a 0.2 [im-thick Si core layer. With reference to Figure 20, the top Si02 layer 

^ then was patterned by photoUthography and RIE to make a hard mask for the core of the 

f3 waveguides that were in the <1 10> direction. The sample was then immersed in a 25-wt. % 

5 aqueous solution of NH OH (TMAH) at 80° C for 1 min, which was sufficient to completely etch 

S 20 away Si from the nonwaveguide area. TMAH was used as the anisotropic etchant because of its 
5 compatibility with complementary metal-oxide semiconductor(CMOS) processing with no metal 

ions. The oxide hard mask was removed afterward. A blanket layer of 1 jim-thick SiOa film was 
deposited by plasma-enhanced chemical- vapor deposition on the waveguides as an upper cladding 
layer. 

25 The AFM image of the anisotropically smoothed waveguide shows a { 1 1 1 }-type atomic 

plane, developed during the etching process by TMAH because of its anisotropic etching ratios, 
which are dependent on crystal orientation. {111} planes are the slowest etching planes since they 
are the lowest-energy surfaces. Since the waveguides are aligned along the <1 10> direction on the 
(100) Si surface, {111} surfaces are revealed on the waveguide sidewalls, with the mask on the top 

30 waveguide surface. {111} surfaces coincide with the cleavage planes of a (100) Si wafer, which 
make an angle of 54.7 degrees with the (100) Si surface which is the angle that the sidewalls make 
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with the top surface. The AFM image analysis leads to rms values of about 2 nm for the anisotropic 
etched sample. 

Transmission losses were determined for both oxidation smoothing and anisotropic etching 
samples. Transmission losses at ?i=1.54 nm were measured using cutback, IR capture of scattered 
5 light and Fabry-Perot resonance methods. The oxidation smoothed single mode waveguides 

exhibited scattering loss of less than 0.8dB/cm, and compared very favorably to comparably sized 
waveguides with no oxidation smoothing, which exhibited losses of over 30dB/cm. The 
anisotropically etched san^le exhibited similarly low loss. The scattering loss rapidly increases as 
the waveguide width is reduced in conventionally processed waveguides because of the increased 
10 sidewall roughness scattering. Such an effect was effectively suppressed in the oxidation smoothed 
waveguides. The rms roughness values for the oxidation smoothed and anisotropically etched 
sidewalls were only one-fifth that of the conventionally fabricated waveguide. 
K While exemplary embodiments of the invention have been illustrated by subjecting the 

9 already-fabricated Si/SiOa waveguide core to the oxidation reaction to reduce the core/cladding 

W 15 interface roughness and by wet chemical etching of the core/cladding interface, it will be 
S appreciated that annealing the already-fabricated Si/Si02 waveguide core in an gaseous ambient 

including hydrogen gases at elevated temperatures smoothens the core/cladding interface, and can 
O also reduce the roughness and thus reduce losses. The silicon core material undergoes a diffusive 

Q process that tends to minimize the energy of the rough core surface, smoothing the rough 

5 20 core/cladding interface. Anneahng is conducted at elevated temperatures, e.g., at about 100° C. 
S Any references to front and back, right and left, top and bottom, upper and lower, and 

horizontal and vertical are, unless noted otherwise, intended for convenience of description, not to 
limit the present invention or its components to any one positional or spacial orientation. All 
dimensions of the components in the attached Figures can vary with a potential design and the 
25 intended use of an embodiment without departing from the scope of the invention. 

While the present invention has been described with reference to several embodunents 
thereof, those skilled in the art will recognize various changes that may be made without departing 
from the spirit and scope of the claimed invention. Accordingly, the invention is not Umited to what 
is shown in the drawings and described in the specification, but only as indicated in the appended 
30 claims. 
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